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at community and ecosystem levels. Calcifica- 
tion versus saturation experiments cited here 
were conducted over days to ~veeks. Whether 
individual reef-building species display an 
acute versus chronic response to saturation state 
or whether they can adapt to more gradual 
changes in carbonate chemistry is unknown. 
Possible mitigative physiological effects, such 
as CO, fertilization of calcareous algae or the 
symbiotic algae within coral tissues, are ad- 
dressed elsewhere (12). The geological record 
offers no evidence of either adaptation or miti- 
gative affects; nonetheless, these considerations 
are important when the effects of global change 
on photosynthetic and calcifying organisms are 
being weighed. 

Given the decrease in average tropical 
fl-arag from 4.6 to 4.0 over the past century, 
net calcification has probably already decreased 
on some reefs. We may be able to detect such 
changes in coral records through either coral 
calcification or stable isotope records. For ex- 
ample, 8°C and 6"0 in several foraminiferans 
correlate strongly with carbonate saturation 
state (18). Although reduced calcification de- 
creases the ocean-atmospheric CO, flux, this 
effect will be small because CO, evasion from 
reef calcification is only about 1% that of 
present-day fossil fuel emissions (19). 

The possibly dire consequences of reduced 
reef calcification warrant a much closer look at 
the biogeochemistry of shallow Lvater carbonate 
secretors. Better quantification of the calcifica- 
tion-saturation relationship, through laboratory 
and field studies. and examination of geologic 
records are needed. as is a mechanistic under- 
standing of calcification physiology in corals 
and algae (12). This analysis has focused on 
coral reef calcification, but other calcifying ma- 
rine ecosystems (both neritic and open ocean) 
may share similar risks. 
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Lateral Variations in 
Compressional/Shear Velocities 

a t  the Base of the Mantle 
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Observations of core-diffracted P (P,,,,) and SH (SH,,,,) waves recorded by the 
Missouri-to-Massachusetts (MOMA) seismic array show that the ratio of com- 
pressional (P) seismic velocities t o  horizontal shear (SH) velocities at the base 
of the mantle changes abruptly from beneath the mid-Pacific (V,/V, = 1.88, also 
the value predicted by reference Earth models) t o  beneath Alaska (V,/V, = 

1.83). This change signifies a sudden lateral variation in material properties that 
may have a mineralogical or textural origin. A textural change could be a result 
of shear stresses induced during the arrival at the core of ancient lithosphere 
from the northern Pacific paleotrench. 

The core-mantle boundary (CMB) is an impor- scales (3, 4) that likely in\~olve chemical bound- 
tant component of the global system of mantle ary layers, an apparent discontinuous increase 
convection ( I ) ,  but direct observations of man- in seismic velocity 250 2 100 km above the , , ,  

6. B. N .  Opdyke and B. H. Wilkinson. Am. 1. Sci. 293.217 tle flow at this depth have been frustratingly core (5). an ultralow-velocity zone probably 
( lgg3); Palaeogeogr. Palaeoecol. 78, 135 difficult to obtain (2). The CMB region in- attributable to partial melting ( 6 ) ,  boundary 
(1990). 

7, J, Kleypas, j, McManus, L, Menez, Am, 39, 146 cludes a thick thermal boundary layer (labeled topography. and seismic anisotropy (7). Most 
(1999). D"), large lateral variations at great and small studies of the CMB have used observations of 
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either P or S waves, but not both, as available 
energy radiation patterns and analytical tech- 
n i q ~ ~ e s  often differ greatly. However, the use of 
P and S waves simultaneously can help in 
identifying the state and coinposition of rock 
within Earth. Here, \\e present an analysis of 
both core-diffracted P,,, and SH,,, waves 
across the CMB, using earthquake sources that 
provide ample P and S H  energy. 

We sampled hvo regions of D", beneath the 
northeast Pacific Ocean and beneath Alaska, 
that have been previously studied with S H  and 
SVwaves from western Pacific rim earthquakes 
trabelmg west-to-east to North Arnencan seis- 
lnonleters Beneath Alaska the S H  waves. os- 
cillating north-south and peipendicular to the 
Mend of subduction. are obseived to tsavel up to 
3% faster tllan SIT waves, which vibrate verti- 
cally (7-9). Our data suggest 0.2 to 0.6% for the 
region of interest here (Fig. 1). Previously, this 
obsei-vation was modeled with transverse isot- 
ropy having horizontal directions that are fast 
relative to the vertical direction. Beneath the 
noitheastew Pacific, however. results suggest a 
much Inore colnplex anisotropy (10). So~ne  
regions have been modeled by a complex dis- 
tribution of vertically oriented laminar sheets 
entrained in a broad Pacific CMB upwelling 
( 2 ) ,  although adjacent areas are consistent with 
transverse isotropy. Because seismic sources 
are not available that can provide S H  and SV 
\\aves perpendicular to these obsei~ations, we 
h a ~ e  had no consttamts on the kinds of oscil- 
lations that occui east-west, along the sti-lke of 
the subduction The P-n ave obse1-i ations pre- 
sented here give an additional dimension that 
can help resolve the stnlch~re of these two 
dynainically active regions of the CMB. 

Core-diffracted ~vaves can be o b s e ~ ~ e d  over 

'Department of Earth and Planetary Sciences, Wash- 
ington University, St. Louis, M O  63130, USA. 'Depart- 
ment of Geological Sciences, Northwestern Universi- 
ty, Evanston, IL 60208, USA. 'Department of Geolog- 
ical Sciences, Brown University, Providence, RI 02912, 
USA. 4Department of Earth and Environmental Sci- 
ence, New Mexico Institute of Mining and Technolo- 
gy, Socorro, N M  87801, USA. 

*To whom correspondence should be addressed. E- 
mail: michael@wucore.wustl.edu 

a laige dlstance iange (- 100" to > 150') and MOMA airay, which had 20 seismometers that 
can sanlple D beneath the mld-Paclfic as \+ell spanned more than 1500 km ( 12 )  Dunng the 15 
as the Pac~fic ilm, allownlg us to see a transltlon months of the anay. 58 piofiles of pP,,,,, 
behveen them (11) We used data fiom the and LP~,,,, and 48 piofiles of S,,, and sS,,,, 

Fig. 2. (A) Example of the 
paths of core-diffracted 
waves recorded at the 
broadband seismometers 
of the MOMA array, in 
this case for Pdif, waves 
from an earthquake in 
the Loyalty Islands on 16 
May 1995. The down- 
swing paths are nearly 
identical, but the up- 
swing paths go through 
different parts of the 
mantle (for which we 
attempt to correct). The 
core-diffracted P and 5 
waves (Pdiff and 5d,ff) 
travel nearly the same 
paths through the man- 
tle, spending much time 
in the D" layer at the 
base of the mantle. (B 
and C) The waveforms of 73600 
the P,,,, and 5,,,, arrivals 74600 
for this earthquake, band- 
pass-filtered between 74550 
0.02 and 0.04 Hz. Be- z 
cause all of the data bot- +: 74500 
tom at the same depth 3 
(the CMB), the slow- ; 74450 
nesses (or ray parame- i= 
ters) are straight lines 74400 
that are represented on 
these distance-time plots 74350 
as dashed lines. These 110 115 120 125 
slownesses, called "ap- Distance from earthquake (degrees) 
parent slownesses" be- 
cause the exact values vary with the technique of measurement and frequencies used, are a function 
of the mean velocity at the base of the mantle. The waves all travel a long distance across D"; the 
slowness measures the velocities in the region between the CMB exit points of the nearest and furthest 
seismometers, shown in (A) by the arrowheads. For this earthquake the total distance range is 15.4" 
(1 10.5Oto 125.g0), corresponding to 1710 km at the surface and 935 km at the CMB. There is a trade-off 
in the desired array length, as shorter distances make the slowness more susceptible to travel-time errors 
due to noise and mantle heterogeneity along the different mantle upswing paths, but longer array lengths 
give a slowness that may average over regions of smaller scale CMB variations. We used a bandpass filter 
of 0.02 to 0.04 Hz to avoid geometric dispersion of P,,,, and 5,,,,, which occurs because different 
wavelengths sample different depths into the mantle and therefore travel at different velocities (28). 
Our earthquakes occur at different magnitudes and thus have peak energies at different frequencies, 
resulting in a possible source of bias if they are not uniformly bandpass-filtered. We corrected the arrival 
times for ellipticity, mantle path heterogeneity, and upper-mantle anisotropy (29), and determined the 
apparent slowness with a least squares fit through the pulse peak maxima times (30). 

in chis region. All clearly split arrivals ;how  faster than V,,, and the degree of splitting suggests a I 
regional anisotropy of 0.2 to 0.6%, assuming that the anisotropy is uniformly distributed along the D" 
segment of each path. In this example, for station MM06 in Emporium, PA, SH,,,, (dashed line) arrives 

' 

I 
about 2 s earlier than SV,,,, (solid line). The waveforms, bandpass-filtered at 2 to 60 s, have been . 

Fig. 1. An example of SH,,,, and SV,,,, waveforms that sample the CMB beneath Alaska, verifying previous 
results (7-9) that show this region to have faster V,, than V,, (24). Only one earthquake (Marianas, 23 
August 1995, depth 595 km) provided good SH,i,, and SV,,,, data to examine the D" shear-wave splitting 

www.sciencemag.org SCIENCE VOL 284 2 APRIL 1999 121 

I .* 
I * *  1 

corrected for particle motion perturbations resulting from upper-mantle anisotropy beneath the stations 
(26). The arrows pointing to the phase arrivals are for demonstration only, as splitting in the S,,,, phases 
was calculated using a new, more reliable "master station" method (24). A master station with 
particularly clear SV,,,, and SH,,,, arrivals was selected for each event. After normalizing instrument 0 5 10 15 20 
responses for all stations, individual SV,,,, and 5Hd i f f  waveforms from each station were cross-correlated Time 
with the respective master station 5Vdiff  and SH,,,, waveforms to determine relative arrival times with 
95% F-test confidence limits. Splitting at each station was obtained by combining its relative times with splitting at the master station. This method 
provides a rigorous and quantitative approach to determining 5,,,, splitting, because i t  produces an accurate and objective measurement of splitting 
in phases with ambiguous onset times, provides better estimation of errors, and enables the evaluation of waveforms with lower signal-to-noise ratios. 

- svdiff I ' 8' 

--SHdiff, 



were obtained. Both Pdiffand Sdl,were obtained (Fig. 2) to estimate the mean velocity at the tions were made for mid- and upper-mantle 
for 36 of these array profiles. base of the mantle, and we combined all tlle pat11 anomalies, Eartll's ellipticity, and upper- 

We used the slowness, or ray parameter, of arrivals across the array from any one earth- mantle anisotropy beneath North America to 
the diffracted waves across the seismic array quake to obtain a single measurement. Correc- isolate tlle seismic velocities at the base of the 

Fig. 3. Map showing the paths for earthquakes that had high-quality P,,, and 
S,,,, arrivals at MOMA. A total of 36 different sets of paths (profilesj are 
used from 30 different earthquakes (30 pairs of P d i f f  and 5,,,, and six 
pairs of surface-reflected p P d i f ,  and sS,,,, are used). Circles are the 
locations of earthquakes, and the dark shaded region is the part of the 
CMB that is measured by the MOMA profile slownesses. For paths that 
arrive exactly parallel to the array, such as from the Kermadec Trench, 
the full 15.6" distance range of the MOMA stations is spanned by the 
arrivals. The shortest distance range (123.3" to 128.5') was for a 
Philippines earthquake, which also had the largest azimuthal range 
(1 7.3" to 35.6'). The slowness of the latter (relative to the Kermadec 
profiles) is about three times as susceptible to  errors due to upper- 
mantle heterogeneity, but because the same paths are sampled by both 
P and 5 waves, the Vp/V, ratio wil l still be reliable. The three-dimen- 
sional Vp and V, mantle models we used to correct the differential 
mantle paths have been shown to  correlate well with each other in the 
mid- and upper mantles beneath North America, where our ray paths 
are the most divergent (3, 4). We calculate that the uncertainties in the 
slownesses are 0.3% for the along-axis paths and 1.0% for the furthest 
off-axis paths. 

Fig. 4. (A) Plot of the P,,,, slowness residuals as a function of mean back azimuth at 
the recording MOMA stations. The span of the back azimuths corresponds to the 
span of the shaded region in Fig. 3, with the highest back azimuths (>300°) 
corresponding to the region of the CMB beneath Alaska and the northern rim of the g 
Pacific Ocean. Slowness residuals represent a percentage variation from PREM (25), f 
obtained by taking the apparent slowness of the data and subtracting out slowness 2 

values found from synthetic waveforms that are processed in the same manner. s 
Although a radially symmetric Earth model is used for the synthetics, the synthetic 
slownesses varied because of differences in focal mechanism radiation amplitudes a 

and shifting waveforms for differing station distances. The mean of the synthetic O 

slownesses is 4.58 s per degree, but the range is 4.52 to 4.75 s per degree, so even g 
though the data slownesses have already been corrected for anisotropy, mantle path ' 
heterogeneity, and upper-mantle anisotropy, i t  is important to work with slowness 
residuals as opposed to the observed apparent slownesses themselves. The time- 
corrected data slownesses have a mean of 4.60 t 0.07 s per degree (range, 4.41 to 
4.90 s per degree). The solid line represents a moving average across the residuals - 
with a window of 16". The residuals show a 5% variation, but the smoothed curve 5 
spans 2.5%. The slowness residuals are decidedly different at the northern paths, o 
with back azimuths of >300°, suggesting D" velocities that are much slower than 2 
normal. Reliability is shown in two ways. The error bars on all of the slowness values 2 
show the l o  variation in the linear regression results assuming a standard variation $ 
of 0.5 s in the travel times. Also shown are the equivalents of the moving average t -2 
(solid line) if the entire analysis were repeated with no travel-time corrections g 
(dashed line) and with travel-time corrections doubled (dotted line). (B) Same as 5 
above but for S,,,, slowness residuals. The time-corrected data slownesses have a 
mean of 8.47 2 0.13 s per degree and a range of 8.21 to 8.73 s per degree. The 
synthetic slownesses have a mean of 8.49 s per degree (range, 8.40 to 8.85 s per 
degree). The slowness residuals have nearly a 6% range, but the smoothed curve 
shows a 3% variation. The lowest slowness values, and therefore the fastest D" 
velocities, are found beneath the northern Pacific and Alaska. (C) Plot of the Vp/V, 
ratios for rock at the base of the mantle sampled by the P,,,, and S,,,, profiles. The 1.88 

ratios are computed from the slowness residuals using conversions obtained with 
synthetic modeling (27). Moving south to north along the CMB (MOMA back azimuth 
250' to 295'), we see that the Vp/V, ratio is about constant at 1.88 as both P and 
S velocities are increasing, likely an effect of decreasing temperatures as the 
paleoslab graveyard is approached. However, for the northernmost region at the CMB 
(back azimuth > 300°), there is a sudden change in Vp/V,, likely the result of 
mineralogical or textural anisotropy. 

240 260 280 300 320 
Back azimuth (degrees) 
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mantle, and slownesses were interpreted rela- 
tive to synthetic seismograms computed for a 
reference Earth and the same earthquake-station 
geometries. The resulting P and S velocities at 
the CMB extend along a swath that extends 
beneath the northeastem Pacific at a distance of 
-50" fiom the array (Fig. 3). 

The total slowness variations are 2% for 
P,, and 3% for S,, (roughly the same for 
inferred velocity variations) (Fig. 4, A and B). 
The P velocities are slightly slow at the CMB 
beneath the eastem Pacific and gradually equal 
globally averaged values toward the northwest 
(back azimuth = 240" to 320°), where they 
abruptly become very slow (back azimuth > 
300"). The SH velocities are slow at the CMB 
west of Mexico (back azimuth - 260") but 
become increasingly faster toward the north- 
west. The SHvelocities are also fast for the very 
southernmost region (back azimuth < 250°), 
which is not unusual, as this region of D" is east 
of the large mid-Pacific slow-velocity anoma- 

R E P O R T S  

lies observed in many studies. For back azi- 
muth < 300" (CMB south of NON) the ratio of 
P to S velocities, VplV, ranges between 1.86 
and 1.90, with the scatter likely a result of the 
complex D" anisotropy observed beneath the 
Pacific. However, this ratio drops sharply to 
about 1.83 for the northernmost CMB region 
beneath Alaska and the northernmost Pacific 
(Figs. 4C and 5). This drop corresponds to a 
reduction in the ratio of P to SH velocities 
(VplVs)2/(Vp/VJ, of 2.7%. This kind of anti- 
correlation between P and SH velocities is rare 
within Earth, but has previously been observed 
for D" (13). 

Reference Earth models predict Vp/Vs val- 
ues of 1.88 to 1.89 for the base of the mantle 
(14), which is what we find in the region be- 
neath the northeastern Pacific. The effect of 
anisotropy in this region, which is observed to 
be highly variable over short spatial scales (2, 
lo), either is averaged out or is the same for SH 
and P. However, relative to reference models, 

Fig. 5. Map showing the inferred variations in VJV, found from the combination of the P,,, and 
S,, slowness residuals. Values are found by projecting the VJV, anomalies along the mean 
sampling paths for the P and S,,, profiles, and then smoothing them by averaging with a 5 O  

moving Gaussian cap (37f. Although most of the CMB beneath the northeastern Pacific has VJV, 
valuesbetween l.87and 1.89, expected from global seismic models, the northernmost region d;op; 
suddenlv to 1.83. Such a reduction is not likelv to haDDen as a result of ternDerature effects alone: 
it requi;es a change in material property, eitier as r;n' unusual chemical anbmaly or (more likelyj 
as an occurrence of azimuthal anisotropy. The location of this anomaly correlates with the region 
of the CMB projected to receive the greatest amount of postsubduction paleoslab (76), so any 
resulting azimuthal anisotropy would be an indication of advective flow at the CMB of the proposed 
paleoslab material. 

the D" layer beneath Alaska is anomalous and is 
consistent with results fiom previous P- and 
S-wave mantle tomographic models: D" veloc- 
ities beneath Alaska are faster than average for 
S and slower than average for P (15). The data 
for the tomographic models incorporate differ- 
ent seismic phases but share the same charac- 
teristic in that their paths predominantly travel 
west-east and east-west, parallel to the subduc- 
tion axis. 

The challenge is to understand the geo- 
physical processes that cause this PISH anticor- 
relation, which likely involve the sinking of 
subducted lithosphere to the CMB. Recent 
mantle tomographic models show subducted 
slabs penetrating deep into the lower mantle, 
and it is thought that there is a large amount of 
paleoslab material aniving at the CMB in this 
region (16). We would expect that this paleo- 
slab would be colder than ambient D" temper- 
atures, and that it may have slight bulk chemical 
differences with respect to the lowermost man- 
tle. The change in temperature should not by 
itself cause the Vp/Vs anomaly: Vp and Vs 
generally increase or decrease together in the 
presence of temperature variations. However, it 
is possible that the ambient D" layer could 
contain a small amount of partial melt that 
depresses Vs values everywhere except in re- 
gions of cold downwellings (1 7). P velocities 
would be less affected by the presence of melt, 
and it is the P,, slownesses that show the 
greatest change across our regions of sampling. 
This still would not explain the differences 
between SH and SV velocities observed in D" 
beneath Alaska. 

One possibility is chemical heterogeneity, 
which can affect the bulk and shear moduli, Ks 
and p, differently such that Vp and Vs are 
anticorrelated (18). A decoupled DN chemical 
boundary layer is likely to be thinnest beneath 
regions of downwelling [this is observed for the 
ultralow-velocity zone at the base of LY' (6)], 
but thicker beneath upwellings. In this case, the 
Vp/Vs ratio of 1.83 beneath Alaska is represen- 
tative of the anomalous paleoslab rock, and the 
Vp/Vs ratio of 1.88 beneath the Pacific is for the 
chemical boundary layer, which covers the ma- 
jority of the CMB and is therefore obtained by 
global reference models. Many studies observe 
much larger S-velocity anomalies at the base of 
the mantle than P-velocity anomalies, and this 
has often been ascribed to temDerature effects 
due to the presence of a large th-knal boundary 
layer. In the scenario just presented, however, 
the lateral velocity variations would be due to 
chemical variations. The northern part of our 
sample region, beneath Alaska, would appear to 
be "anomalous" in the sense that it is similar to 
the overlying mantle and therefore different 
fiom the D" chemical boundary layer. 

Another candidate for explaining the anti- 
correlation of Vp and V' in D" is that of 
preferentially oriented textural fabric: Our P,, 
waves are slow because they are traveling in a 
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slow direction. The model of transverse isotro- 
py used by (19) to explain SHISV splitting 
involves the horizontal layering of low-velocity 
material within a faster matrix (such as former 
ocean crust within the cold paleoslab). As this 
cannot explain our slo\v P,,, waves, such a 
model would need to be accompanied by either 
the chemical heterogeneity mentioned above or 
a mineralogical anisotropy. Our calculations 
show that other orientations of D" rock fabric 
might provide a shape-preferred orientation 
(SPO) style of anisotropy that explains our 
seismic constraints: (i) transverse isotropy with 
fast inclusions and (ii) azimuthal anisotropy 
~vith either fast or slow cigar-shaped inclusions 
oriented perpendicular to the paleotrench (20). 
The latter is especially attractive in light of 
recent evidence that areas previously modeled 
with transverse isotropy, like D" beneath the 
Caribbean, are now suggesting azimuthal or 
general anisotropy (21). 

Minerals such as perovskite, periclase, and 
columbite-struchired silica are highly anisotro- 
pic at CMB conditions, and they have orienta- 
tions in which SH is fast and SV and P are slow 
(9.22). Although none of these currently match 
our seismic anomalies under the condition of 
lateral flow at the CMB away from the pa- 
leotrench, there is a suggestion that the high- 
pressure transition from diffusion creep to dis- 
location glide would change the expected min- 
eralogical glide planes (23), so mineralogical 
anisotropy with a lattice-preferred orientation 
(LPO) remains a candidate. 

As a result, the model of transverse isotropy 
due to horizontal layering is still a possible 
candidate for the seismic structure of D" be- 
neath the Alaska paleotrench, though a modifi- 
cation is required to satisfy the unusually slow 
P,,, velocities we observe. One possibility is 
that the flow of paleoslab rock causes anisotro- 
py, either LPO or SPO in origin, that has a slow 
P-velocity direction along the strike of the pa- 
leotrench. Another is that, assuming the slower 
P velocities are typical of paleoslab rock, there 
is a large chemical difference between paleo- 
slab and a chemical boundary layer that is 
thicker away from the paleotrench, and this 
chemical bounday layer dominates in global 
reference models. In any case, there is a mate- 
rial difference between rock at the base of the 
mantle beneath the interior and at the northern 
rim of the Pacific Ocean. 
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High-Resolution Holocene 
Environmental Changes in the 

Thar Desert, Northwestern 
lndia 

Field observations show that the maxi- 
mum lake stage did not reach 5 to 7 m. The - 
ability of the basin to sustain even this level 
(facies IV and V) through successive years 
varied significantly throughout the Holocene 
(Fig. 3E). 

Thin-section and x-ray diffraction analy- 
ses indicate that the clastics are allochthonous 
silicate minerals (quartz, plagioclase, potassi- 

Y. Enzel,' 1. L. Ely,' S. M i ~ h r a , ~  R. R a m e ~ h , ~  R. Amit,5 B. Lazar,' um feldspar, clays such as chlorite and mica, 
and soille honlblende), carbonate minerals, 

S. N. R a j a g ~ r u , ~  V. R. ~ a k e r , ~  A. Sandler5 and so~ue  gypsum. Gypsum IS the only evap- 

Sediments from Lunkaransar dry lake in northwestern lndia reveal regional 
water table and lake level fluctuations over decades t o  centuries during the 
Holocene that are attributed t o  changes in the southwestern Indian monsoon 
rains. The lake Levels were very shallow and fluctuated often in the early 
Holocene and then rose abruptly around 6300 carbon-14 years before the 
present (14C yr B.P.). The Lake completely desiccated around 4800 14C yr B.P. 
The end of this 1500-year wet period coincided wi th  a period of intense dune 
destabilization. The major Harrapan-lndus civilization began and flourished in 
this region 1000 years after desiccation of the lake during arid climate and was 
not synchronous wi th  the Lacustral phase. 

The southwestern Indian illonsoon is cr~tical for and no input from skeams. The water table is 

orite mineral detected. The clay fraction (<2 
km) includes illite-smectite, illite, chlorite, 
and palygorskite. The palygorskite is authi- 
genic and is indicative of intense evaporation 
episodes (12) at pH ;= 8 . 5 .  

The concentration of clastic gains UI sepa- 
rate laminae and the parallel orientation of the 
platy and elongated minerals indicate that the 
clast~c gains were derived from dust storms 
(11) and they settled 111 water The gypsun 
laminae contain fine authigenic c~ystals and 
abraded, sand-sized gypsum c~ystals. The 
abraded gypsum grains are 111ost conlrnon in 

understanding past global and regional mon- currently 2.4 m below the dry lake bed, and this facies I1 and were probably bloxv11 ill from 
soon variations (1-3). The few records of Ho- water is saline with a co~nposition that includes dying mudflats at the margins (13) of 
locene monsoon variatioi~s from the areas that Na, Ca, Mg, C1, SO,, and HCO,. Incoming Lunkaransar lake during periods of low lake 
border the Arabian Sea in southern Asia have sediments are only eolian sand from local dunes levels. 
been based on pollen assemblages associated and eolian clay silt dust (1 1). Normally, the lake The rise and fall of the water table at 
with the deposits of Lunkaransar, Didwana, and basin is totally diy, but heaby rainfall can form Lunkaransar reflect the regional precipitation 
Saillbhar paleolakes from north\veste~n India a temporay pool of water that evaporates dur- over the basin. A lake is formed in Lunkaran- 
(4). These records, although based on limited ing the dly season. sar when the water table rises above the 
dating. have been used extensively in regional Trenches were excavated into the lake bed surface. Our data show that between about 
comp~lat~ons, In analys~s of relat~ons between d o ~ n  to a thick, hard. carbonate layei at a depth 
summel ~nsolat~on and the monsoon, and In of 3 In The sedimentology of the uppel 240 cm 
paleochmatic models (2-7) as well as to deter- abobe the nater table (Fig 2) mas documented $2" 

mine the lelat~ons bemeen paleocl~mate and at subm~lhmetel-to-m1111metel scales In both 
Indus Valley c ~ v ~ l ~ z a t ~ o n s  (8  9) Hele, \\e the field exposures and In the cont~nuous, obel- I P i h l i T X h  C H I \  4 

\ 

present illore deta~led Holocelle chronology of 
Lunkaransar based 011 analyses of the lacustnne 
lammated depos~ts, age dating, and geochemi- 
cal analyses. 

Lunkaransar (10) 1s a small, closed, d ~ y  
bas~n susrounded by dunes at the northeastern 
margln of the Thar Desert (Fig. 1). The basln 
receives input fiom groundwater and direct rain 
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lapping box cores 111 the l a b o ~ a t o ~  \tTe ob- I \ \  
c" ,? l r 

tamed 15 radiocarbon dates (Table 1) The se- 
r-- 

L9ec2 p17 Del111. - . -- ..:I 
- ~~RJ / -D~  %'j I - quence was d~bided into fom zones (Fig 2) 011 -- , /' I 

the bas~s of charactenst~cs of the deposits Zone I 4 
G -  Y 

/' 

4. dated at 4500 '" yr B P to recent, has no &= _ ,+= p n m q  laminar structure and contalns mud , Bo,r ha). 

-- clacks, silt, and sand, ~t IS ~nterp~eted as a dly ---- - 1 h 0 1 4  ,-- 
-- 

lake basin that episod~cally \\as ~~~unda ted  by c--- - _-A 
-- 

ephemeral lakes Zones 1 to 3 (Figs 2 and 3) F=-- - 1 
L B a i  - 

are composed of hvo types of t h ~ n  beds (I) silt- A a ' "5 =- 
- --- 1 8 e~x n f  --_ and clay-11ch deh~hls laminae ~ i t h  ca~bonate \ I ~ J , ~ ,  &-A -- ---- and 111 some cases t h ~ n  gypsu~u laminae at I S e n g q l -  -- 

boundai~es, and (11) gypsum laminae with some -- 

thm slit and clay lam~nae We sepa~ated the 7 
ent~re sequence into foul sed~mentaly fac~es (I1 - -- - - 

to V, accOidlng to the dollllnant type and the Fig. I. Locat~on map of Lunkaransar (L) and Did- 
thickness of the lanous beds (Fig 3E) and wana (D) dry lakes ~n the Thar Desert (shaded 
mfesred relat~be \vatel depths area) showing 250- and 500-mmlyear ~sohyets 
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